To investigate the causes of hepatic dysfunction after extensive resection of the liver together with pancreatectomy, rats were subjected to sham operation, to 68% hepatectomy alone, to 90% pancreatectomy alone, or to 68% hepatectomy combined with 90% pancreatectomy (hepatopancreatectomy). Solutions of 5% or 20% glucose were infused post-operatively for 48 h at a constant rate (250 ml/kg body weight/day) under fasting conditions. To improve the survival rates of pancreatectomized and hepatopancreatectomized rats given 20% glucose, it was necessary to use insulin. In hepatopancreatectomized rats, infusion of 20% glucose with insulin (1 U/5 g glucose) induced prominent hepatocyte vacuolar degeneration and mitochondrial swelling, associated with reduced hepatic protein content. The severity of histological changes was proportional to the insulin dose and the activity of hepatic glucokinase, a key glycolytic enzyme. These histological changes were observed in pancreatectomized rats albeit in a milder form, but not in sham-operated or hepatectomized rats given 20% glucose nor in any rats given 5% glucose. Our results suggest that hepatopancreatectomy followed post-operatively by a high glucose load and exogenously administered insulin enhances the development of hepatocyte swelling.
INTRODUCTION
Extensive resection of the liver combined with pancreatectomy, performed for the radical resection of biliary tract carcinoma, is frequently associated with post-operative hepatic dysfunction. Nimura et al. 1 reported that hyperbilirubinaemia occurs in 50% of patients, hepatic failure in 29% and hospital death in 25%, after pancreatoduodenectomy plus hepatectomy of more than one segment. Furthermore, Nakamura et al. 2 reported that 63 of 130 patients (48.5%) undergoing hepatic resection of more than two segments combined with pancreatoduodenectomy, died of hepatic failure in the hospital. When performed alone, however, hepatectomy and pancreatoduodenectomy are relatively safe procedures. 3, 4 Therefore, the frequent development of hepatic dysfunction after resection of the liver and pancreas is not likely to be due to technical problems, but is probably induced by some unknown postoperative metabolic changes. The close relationship between resection of the liver and pancreas and the development of hepatic dysfunction is an interesting issue for research, and theoretical understanding of the causes of such hepatic dysfunction is necessary to prevent post-operative death associated with liver failure. If the problem is solved, extensive resection of the liver and pancreas could perhaps be performed more often as a potentially curative treatment of biliary tract carcinoma.
In the present study, we used a rat model of 68% hepatectomy alone, 90% pancreatectomy alone, and 68% hepatectomy combined with 90% pancreatectomy (hepatopancreatectomy) to investigate the mechanisms of hepatic dysfunction after hepatopancreatectomy. To simulate the commonly used clinical post-operative management protocol, the rats were fasted and 20% glucose solution was infused intravenously as an energy source. In both pancreatectomized and hepatopancreatectomized rats, however, the addition of insulin was necessary to reduce blood glucose concentrations and improve survival rates. We found that continuous infusion of 20% glucose solution with the addition of insulin for 48 h induced hepatocellular vacuolar degeneration associated with mitochondrial swelling in hepatopancreatectomized rats. In this preliminary study, although hepatic dysfunction was not observed in our rats after hepatopancreatectomy, we were able to clarify the relationship between the insulin effect on hepatocytes and the appearance of hepatocellular vacuolar degeneration after hepatopancreatectomy. 
MATERIALS AND METHODS CHEMICALS

SURGICAL PROCEDURES
After a 12-h fast, a midline laparotomy incision was made under general anaesthesia with ether. According to the method of Higgins and Anderson, 5 68% of the liver was removed in the hepatectomy group. Using the methods of Scow 6 and Richards et al., 7 90% of the pancreas was removed in the pancreatectomy group. In the hepatopancreatectomy group, both 68% hepatectomy and 90% pancreatectomy were performed simultaneously. Dissection around the liver and pancreas was performed after laparotomy in the sham-operated group. Before completion of the laparotomy, 5 ml of saline was injected intraperitoneally in all groups and the abdominal wall was closed with a two-layer suture. No antibiotics were used throughout the experiment. A polyethylene tube (size 15, 1.1 mm OD, Igarashi Ika Kogyo Co., Tokyo) was inserted into the superior vena cava through the right internal jugular vein, and the end of the tube was tunnelled subcutaneously to exit at the back where it was closed with a metal sheath plug. Intravenously administered fluid was infused via this tube after it was connected to a pump. 8 After recovering from anaesthesia, the rats were fasted and allowed to move freely in their cages.
INTRAVENOUS FLUIDS
Immediately after surgery, 5% or 20% glucose solution, with 0.2% NaCl, which were prepared by mixing 50% and 5% glucose solutions, and 10% NaCl solution, was infused continuously at a rate of 250 ml/kg body weight/day in all groups. The pancreatectomy and hepatopancreatectomy groups showed high mortalities (Table 1) , however, when 20% glucose solution was infused without insulin addition, probably due to hyperglycaemia. Accordingly, in both of these groups, insulin was added to the infusate at either a low concentration (1 U of insulin per 10 g of glucose) or a high concentration (1 U of insulin per 5 g of glucose).
ASSESSMENT AFTER SURGERY
At 48 h after surgery, anaesthesia was induced using intravenous pentobarbital (30 mg/kg), and about 10 min later, laparotomy was repeated following stabilization of respiration. About 4 ml of blood was collected from the portal vein while the intravenous infusion was continued, after which the liver was completely resected and washed with 20 ml of ice-cold isotonic saline to remove excess blood in the portal vein.
Portal venous blood was assayed using an autoanalyser (Clinalyzer JCA-RX40, Nihon Denshi, Tokyo). Blood glucose level was measured by electrolysis, aspartate aminotransferase (AST) by the ultraviolet method, and total bilirubin by the alkaline azobilirubin method. The levels of immunoreactive insulin (IRI) and immunoreactive glucagon (IRG) were measured by radioimmunoassay.
About 1 g of liver tissue was combined with four volumes of 0.154 M KCl-4 mM ethylenediaminetetraacetic acid (pH 7.5) and a homogenate was prepared in a high performance homogenizer. Glucose-6phosphatase (G6Pase) activity in the homogenate was measured using the method of Koide and Oda. 9 The remainder of the homogenate was centrifuged for 60 min at et al.
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25 000 g and glucokinase activity in the supernatant was measured at 25°C by the method of Vinuela et al. 10 In brief, 100 mM glucose was used as the substrate and spectrophotometry (Hitachi U-3200 Spectrophotometer, Hitachi, Tokyo) was used to monitor the reaction. The protein contents of the homogenate and supernatant were measured by the method of Lowry et al. 11 Specific enzyme activity represented the change in the amount of substrate at 25°C (U/g protein). G6Pase activity was expressed relative to the protein content of the liver homogenate and glucokinase activity was expressed relative to the protein content of the supernatant.
The remainder of the liver tissue was frozen at -80°C until the glycogen content was measured according to the method of Lust et al. 12 and the lipid content by the method of Folch et al. 13 For light microscopic examination of the liver, sections were stained with haematoxylin and eosin (H&E), periodic acid-Schiff (PAS) and Sudan III stains. For electron microscopy, another portion of the liver was fixed in s-collidine buffered 6.2%, glutaraldehyde, with subsequent fixation in osmic acid. Ultrastructural features were studied by transmission electron microscopy (Hitachi Transmission Electron Microscope H-500, Hitachi, Tokyo). Histological assessment of all tissues was performed by one investigator (A.G.) who was blinded to the infusion regimens of individual rats.
STATISTICAL ANALYSIS
All data were expressed as means ± SD. Inter-group differences were first compared using one-way analysis of variance, and any significant differences thus found were further tested using Scheffe's F-test. The 
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χ 2 test was used to analyse differences in survival. Differences were considered to be statistically significant at P < 0.05.
RESULTS
SURVIVAL AFTER SURGERY
Survival rates at 48 h after surgery are shown in Table 1 . In both the sham-operated and hepatectomy groups, all rats treated with 5% and 20% glucose solutions survived for at least 48 h. In the pancreatectomy group, all rats treated with 5% glucose solution also remained alive, but the survival rate was only 38% for rats treated with 20% glucose solution without insulin. The addition of insulin to the 20% glucose solution markedly increased the survival rate to 89% at the low concentration and to 90% at the high concentration. Similarly, in the hepatopancreatectomy group, all rats treated with 5% glucose solution remained alive, whereas all rats provided with 20% glucose solution without insulin died within 48 h. The survival rate was 100% when insulin was added at the low concentration to 20% glucose solution, and 75% with insulin addition at the high concentration.
Since the survival rates of both pancreatectomized and hepatopancreatectomized rats provided with 20% glucose solution without insulin were significantly (P < 0.05) lower than in the other 10 subgroups, these two subgroups were excluded from assessment of the following parameters (Tables 2 and 3 ). There were no significant differences in the survival rates among the 10 experimental subgroups assessed below.
PORTAL BLOOD PARAMETERS
Blood glucose levels were approximately 120 mg/dl in all four groups of rats provided with 5% glucose solution, with no significant differences between their subgroups. Blood glucose levels increased significantly (P < 0.05) following infusion of 20% glucose solution in all four groups compared with the levels after infusion of 5% glucose solution ( Table 2 ). In hepatectomized rats treated with 20% glucose solution, the mean blood glucose level was similar to that in the shamoperated rats provided with the same solution. In both pancreatectomized and hepatopancreatectomized rats, blood glucose level was significantly lower (P < 0.05) following the addition of insulin to 20% glucose solution. The mean blood glucose level in pancreatectomized rats given 20% glucose solution with insulin at the high concentration was comparable to that in sham-operated rats provided with 20% glucose solution. On the other hand, significantly higher levels of blood glucose (P < 0.01) were noted in hepatopancreatectomized rats given 20% glucose solution with insulin at high concentration than in sham-operated as well as hepatectomized rats treated with 20% glucose solution.
The mean AST level was higher (P < 0.05) in the resected groups than in the shamoperated group, except for pancreatectomized rats given 5% glucose solution. There were, however, no significant differences in AST levels between the various intravenous infusions in each group. The total bilirubin level did not differ significantly between groups or between the various intravenous infusion regimens.
The IRI level after infusion of 5% glucose solution was significantly lower (P < 0.05) in both the pancreatectomy and hepatopancreatectomy groups than in the sham operation group ( Table 2 ). The IRI levels increased significantly (P < 0.01) following infusion of 20% glucose solution in all four groups compared with the effect of 5% glucose solution. Although the IRI et al.
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level was increased significantly (P < 0.05) by increasing the infused insulin concentration in the pancreatectomy and hepatopancreatectomy groups, hepatopancreatectomized rats given 20% glucose solution with insulin at the high concentration still had a significantly lower IRI (P < 0.01) than the sham-operated rats given 20% glucose solution without insulin. Immunoreactive glucagon levels varied considerably between groups and showed no consistent trend. The mean IRG levels in the pancreatectomy and hepatopancreatectomy groups were approximately 90 pg/ml, irrespective of the concentration of glucose infused.
HEPATIC TISSUE PARAMETERS
With infusion of 5% glucose solution, hepatic glucokinase activity was approximately 50 U/g protein in all groups, and this activity increased significantly (P < 0.05) following infusion of 20% glucose solution in all groups except the hepatectomy group (Table 3 ). In both the pancreatectomy and hepatopancreatectomy groups, glucokinase activity increased with increases in insulin concentrations, and its activity was highest in the hepatopancreatectomized group treated with 20% glucose solution with insulin at the high concentration, significantly higher (P < 0.01) than in sham-operated rats given 20% glucose solution.
With infusion of 5% glucose solution, hepatic G6Pase activity was significantly lower (P < 0.01) in both hepatectomy and pancreatectomy groups than in the shamoperated group. G6Pase activity decreased significantly (P < 0.01) with increased concentration of infused glucose in the hepatopancreatectomy and sham-operated groups.
Hepatic protein content measured in the homogenate was not significantly different between hepatectomy and sham-operated groups, irrespective of the type of intravenous infusion. In contrast, the hepatic protein content decreased significantly (P < 0.05) with increased concentrations of infused glucose in pancreatectomy and hepatopancreatectomy groups, and the protein content in hepatopancreatectomized rats decreased as the insulin concentration increased.
In hepatopancreatectomized rats infused with 5% glucose, the hepatic glycogen content was significantly lower (P < 0.05) than in the sham-operated group. With 20% glucose solution, the glycogen content increased significantly (P < 0.05) in pancreatectomized, hepatopancreatectomized and sham-operated rats, but there was no significant difference between the latter two groups.
Hepatic lipid content was significantly higher (P < 0.01) in the hepatopancreatectomy group than in the sham-operated group after infusion of 5% glucose solution, but there was no significant difference between these groups after infusion of 20% glucose solution.
LIGHT MICROSCOPIC FINDINGS
No abnormalities were detected on liver tissue specimens stained with H&E in the sham-operated and hepatectomy groups treated with 5% or 20% glucose solution. Furthermore, no abnormalities were noted in the livers of pancreatectomized rats given 5% glucose solution. However, moderate vacuolar degeneration in the periportal zones was observed in pancreatectomized rats given 20% glucose solution with insulin at the high concentration. Liver tissue specimens in hepatopancreatectomized rats given 5% glucose solution appeared essentially normal (Fig. 1A) . In contrast, mild vacuolar degeneration extending throughout the liver lobules was observed in M Nomura, S Kida, J Yamashita et al.
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Light microscopic findings in the liver at 48 h after surgery. (A) A representative rat from the hepatopancreatectomy group treated with 5% glucose solution. Note periportal zones of the liver lobules essentially normal. (B) A representative rat from the hepatopancreatectomy group treated with 20% glucose plus insulin at a low concentration (1 U/10 g). Note moderate vacuolar degeneration throughout liver lobules. (C) A representative rat from the hepatopancreatectomy group treated with 20% glucose plus insulin at a high concentration (1 U/5 g). Note severe vacuolar degeneration throughout the liver lobules (haematoxylin and eosin; magnification × 50).
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the same rats given 20% glucose solution with insulin at low concentration (Fig. 1B) . More importantly, severe vacuolar degeneration was observed in the same rats given 20% glucose solution with insulin at high concentration (Fig. 1C) . The vacuoles shown by H&E staining were not stained by either periodic acid Schiff or Sudan III.
ELECTRON MICROSCOPIC FINDINGS
Mild dilatation of the endoplasmic reticulum and no changes in the mitochondria were observed in livers of hepatopancreatectomized rats treated with 5% glucose solution ( Fig. 2A) . In contrast, marked mitochondrial swelling including membrane disruption was observed in rats of the same group treated with 20% glucose solution with insulin at high concentration (Fig. 2B ).
DISCUSSION
The causation of hepatic dysfunction following the resection of the liver and pancreas has not been clinically investigated in detail because of the small number of such 
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operations performed in each institution. 14 In laboratory studies, Kawarada et al. 15 established a variety of liver and pancreas resection models using adult mongrel dogs. Their results showed that the 4-week survival rate was 40% in dogs with 70% hepatectomy and 92% pancreatectomy, with death being ascribed to hepatic failure due to poor liver regeneration. In this preliminary study, we assessed the critical state after liver and pancreas resection, using 68% hepatectomy and 90% pancreatectomy rats as a model of hepatopancreatectomy. All sham-operated and hepatectomized rats survived for up to 48 h after surgery when given either 5% or 20% glucose solution. This was also true for pancreatectomized and hepatopancreatectomized rats given 5% glucose solution. In contrast, 60% of the pancreatectomized rats died within 48 h when given 20% glucose solution, and all hepatopancreatectomized rats died within 48 h when treated with the same solution. Since the survival rate in the hepatopancreatectomy group improved markedly following administration of insulin, these early post-operative deaths were probably due to hyperglycaemia. This is consistent with the report of Mitsuyoshi et al. 16 -that non-ketotic hyperosmolarity caused 100% mortality within 24 h after 70% hepatectomy in rats with streptozocininduced diabetes when given 19% glucose solution. These findings suggest that fatal hyperglycaemic hyperosmolarity is prone to develop if a continuous large glucose load is provided after hepatectomy combined with streptozocin-induced diabetes or 90% pancreatectomy, both of which reduce pancreatic insulin secretion. × 1154) . 
Electron microscopic findings in the liver at 48 h after surgery. (A) Hepatopancreatectomized rat given 5% glucose solution. Mild dilatation of the endoplasmic reticulum and a lipid droplet are seen, but the mitochondria are normal and have well-defined cristae. (B) Hepatopancreatectomized rat given 20% glucose solution with insulin at a high concentration (1 U/5 g). Note the marked swelling of mitochondria without an increase in numbers, the increased endoplasmic reticulum, and the presence of free ribosome and scattered glycogen granules. The cristae in some mitochondria have almost disappeared, and partial adhesion of two mitochondria is seen (magnification
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When 20% glucose solution with insulin was administered after hepatopancreatectomy, blood glucose levels decreased in proportion with the added insulin concentration. The level in hepatopancreatectomized rats treated with insulin at the high concentration was similar to that in sham-operated rats treated with 20% glucose solution without insulin. On the other hand, IRI levels in all groups were markedly increased in the presence of a high glucose load, but the increase in shamoperated rats was significantly higher than in hepatopancreatectomized rats treated with insulin at high concentration. Furthermore, the activity of hepatic glucokinase, a rate-limiting enzyme of glucose metabolism, which phosphorylates glucose in the liver and facilitates the hepatic intracellular uptake of sugar, was significantly higher in the hepatopancreatectomy group than in the shamoperated group. Since insulin is known to induce the synthesis of this enzyme, it is considered to represent increased insulin receptor-mediated action in hepatic cells in hepatopancreatectomized rats. 16 -19 Although the binding capacity of the insulin receptor was not assessed in the present study, it is speculated that the number of insulin receptors on liver plasma membranes is high (up-regulation) in this group. 20, 21 The major finding in the present study was the development of hepatocellular vacuolar degeneration, which was most severe in hepatopancreatectomized rats treated with a combination of 20% glucose and insulin at high concentration. These histological changes appeared within 24 h after surgery in the periportal zones of the hepatic lobules (data not shown), and spread throughout the liver within 48 h after surgery. Milder vacuolar degeneration was also present in hepatopancreatectomized rats given 20% glucose solution with insulin at low concentration and in pancreatectomized rats treated with 20% glucose solution with insulin at high concentration.
In other words, hepatocellular vacuolar degeneration occurred under continuous glucose loading with insulin administration after pancreatectomy and worsened when liver resection was also performed. In hepatopancreatectomized rats, the severity of such histological changes paralleled the concentration of added insulin and the degree of glucokinase activity.
What is the underlying mechanism of hepatocellular vacuolar degeneration? The pathological changes observed in hepatopancreatectomized rats treated with 20% glucose and insulin resembled the findings of Rivera et al. 22 and Li et al. 23 who noted fatty liver changes in rats treated with a high concentration of glucose. However, results of Sudan III staining and assay of hepatic lipid contents confirmed that the vacuoles were not lipid accumulations. Similarly, PAS staining and assay of hepatic glycogen content confirmed that the vacuoles did not contain glycogen. Since hepatic protein contents decreased in parallel with the severity of hepatocellular vacuolar degeneration, the vacuoles were considered to be mainly associated with intracellular water accumulation. Insulin and glucagon were recently recognized as potent modulators of liver cell volume. 24 In isolated perfused rat liver, insulin stimulates Na + -H + exchange, Na + -K + -2Cl co-transport, and Na + -K + -ATPase, and the concerted action of these transporters leads to cellular accumulation of K + , Na + and Cland, consequently, cell swelling. 25 -27 In contrast, glucagon may lead to a depletion of cellular Na + , K + and probably Cl -, resulting in cell shrinkage. 28, 29 It is reported that both insulin and glucagon exert half-maximal effects on cell volume and cellular K + balance at hormone concentrations found physiologically M Nomura, S Kida, J Yamashita et al.
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in the portal vein. 29 In hepatopancreatectomized rats treated with 20% glucose and insulin, under the dominant action of insulin, represented by increased glucokinase activity, the hepatocytes remain in a swollen state as long as glucose and insulin are infused. Insulin-induced intracellular accumulation of water probably explains the low hepatic protein content as well as hepatocellular vacuolar degeneration. Hepatopancreatectomy might be potentially a useful model for insulininduced hepatocyte swelling in vivo.
Electron microscopic examination of hepatocytes showed enlarged, irregularly shaped mitochondria, generally containing few cristae in hepatopancreatectomized rats treated with 20% glucose and insulin at high concentration, whereas normal mitochondria were found in rats of the same group treated with 5% glucose solution. Such mitochondrial morphological changes were associated with reduced hepatocyte ATP concentrations and induced transient hyperammonaemia. AST and total bilirubin levels were not significantly different among the surgical groups or in rats treated with various intravenous infusion regimens, however, and hepatocyte necrosis was not detected in any rat group. In addition, severe hepatocellular vacuolar degeneration was not associated with a significant decrease in the survival rate. Thus, hepatocellular oedema and mitochondrial changes do not seem to be related to the clinically observed findings of hepatic failure and hyperbilirubinaemia after hepatopancreatectomy. To clarify the relationship between hepatic dysfunction and hepatopancreatectomy, further studies are necessary to examine rats with hepatic cell damage for any evidence of obstructive jaundice.
In conclusion, we demonstrated, in the present study, changes in glucose metabolism and histological changes in the liver after hepatopancreatectomy. The latter changes were different, however, from those known to occur in humans after hepatectomy or pancreatectomy alone. We also showed that the close relationship between vacuolar degeneration and glucokinase activity after pancreatectomy was enhanced by hepatectomy. These changes appeared following continuous infusion of glucose and administration of insulin, with hepatic intracellular oedema apparently developing in the glycolysis-dominant state produced by such intravenous therapy.
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